We have searched, for quarks of charge Z = +1, and other. anomalous hydrogen, by using the 88,-inch cyclotron at Berkeley as a high-energy. mass spectrometer, with natural hydrogen and deuterium as the source, of ions. We observed no quarks, and place limits on their ratio to protons on the earth that, yary from q/p <.
In most of these experiments the quark's fractional charge (1/3 or 2/3 that of the proton) was the distinctive signature that would have indicated their presence. But fractional charge is not required by all quark models; inpar~iculastheories proposed by Lee (3) and by Han and Nambu (4) have quarks of integral charge. These theories were more complex, however, in that they required more than the three quarks of Gell-Mann and Zweig; the Han-Nambu theory, for example, had nine. When the classical qua~k theory was improved by the addition of the new quantum number "color", the number of fractionally-charged quarks had to be increased from three to nine (5) . The integrally-charged quarks of Han and Nambu, on the other hand, accepted color in a very natural way and did not require an increase in number (6) . It seems reasonable to speculate that the quark searches failed because they assumed the wrong sigpaturei perhaps quarks have integral charge.
Experimental limits on the existence of quarks with integral charge are not nearly as good as the limits for quarks with fractional charg~. Experiments at acceleratois would have observed Z = 1 quarks only if they were produced with a crosssection at least 10-3 of that for pp and if their mass were . 2 no more than 4 GeV/c (7, 8 is low; for quark masses m > 6 amu (5.6 Gev/c 2 ), they were q able to set the limit q/p < 3 x 10-18 . For the low mass region, the best limit was obtained by Kukavadze For the 88-inch cyclotron t6 be "in tune", i.e. for it to accelerate particles into our detectors, several criteria must be met. The magnetic field profile (i.e. the field as a function of radius) must be appropriate to compensate the relativistic increase in mass as the particle is accelerated, and the voltages applied to the electrostatic deflector ~nd
Dee must be at the correct values to assure efficient beam extraction.
In order to eliminate the need to change the magnetic-field profile during a scan, we operated the cyclotron in the third-harmonic mode, where the particle 'revolution frequency is 1/3 of the oscillator frequency and the maximum ' ..
particle velocity is only 0.1 c. ' During scans wecha'nged, the deflector and Dee voltages in proportion to the chahge' in frequency.
The ultimate proof that we were in tune~iri ou~:,'· scans came from the observation ,of expected beams; for example, when we set the cyclotron to accelerate Z/m'=1/2 (o+) and s,c~nned to Z/m = ,1/3, we found that 'DH+ molecular ions were being efficiently acceleratedand'extracted~'
The emerging :beam from the cyclotron was focused onto By the time we had moved ,off a main peak by about "1%, the rate of particles emerging from the cyclotron was reduced to less than one per'minute.
The advantage of, the cyclot,ron Over an m:'dinary mass spectrometer' came not from its high resolution (see Fig. 1) " " :
R. Muller et al. 6 or from its beam current (10-50 ~A), but from the high energy of the emerging beam: several MeV per nucleon. This high energy allowed us to send the beam into the particleidentification detectors, and to get useful information on a particle-by-particle basis. The cyclotron has, of coutse~ one additional advantage • . Had we discovered quarks in natural material, we would have had a high energy beam of them; and study of their properties would have been straight-forward.
For quark masses above 2 amu, we used deuterium gas in the cyclotron ion source. The deuterium had been separated from water at the Savannah River Heavy Water Plant, using the GS process followed by vacuum distillation and electrolysis (13) . The efficiency for each of these concentration processes increases as the mass of the isotope increases; thus for masses just above 2 amu quarks would have been concentrated by at least a factor of 6600, the ratio of IH to 2H in river water. For masses » 2 amu we know that the concentration of quarks could not have been increased by more than a factor of 5 x 6600 = 33 x 10 3 , since 20% of the original deuteriu~ in the water was recovered, and obviously no more than 100% of the original quarks could have been recovered. Leventhal and Libby (14) have shown that for electrolytic separation, this transistion to maximum concentrations takes place below mass 3 amu. Thu~ by searching in deuterium, the sensitivity is 6600 times greater than a search in hydrogen for quark masses riear 2 amu, and 33,000 times as sensitiv, for quark masses above 3 amu.
In a typical run a 13 ~A depterium beam was observed as we FOr quark masses in the range l-i arnu we lised ordinary hydrogen in the source rather than deuterium; our 'sensi tl.vi ty was corresponding 6600 times poorer .',We repeated the scan in the rna-ss :range LS-2'amu using deuterium; with the thought that it wbuld give us some additional sensitivity'in the'range just below 2 amu. We saw no quark even1:s'in this scan. It is difficult to estimate the sensitivity Of this scan ~ithout studying the detailed ~hysical-ahemistry 6~ the isotope separa_tion process; ·thtis'we claim no limit obtained from fhis scan.
For the mass range 0 to 1, we looked for quark-hydrogen mole- We have observed no quarks of Z = +1, nor other anomalous isotopes of hydrogen. The limits from our search and previous experimen~al results, are plotted in Figure . 2. These limits correspond to one.standard deviation, i~e. a confidence level of 67%. For 95% confidence levels, each limit must be I adjusted upward by a factor of three, as is indicated on the Quark mess (emu) 
